Air was "breathed" in the laboratory through a heated-water humidifier and a breathing tube. Several different humidifiers and tubes were used. The temperature rise of the air on passing through the humidifier and the temperature drop on passing through the tube were measured. Both were dependent on ventilation. Insulating the tube and humidifier together with the insertion of baffles in the latter reduced the rise and fall and their dependence on ventilation. With suitable design the dependence on ventilation and the need to use high water temperatures could be greatly reduced. In addition, a thermostat with a reduced dead zone is needed.
Introduction
Two practices have been adopted to overcome the problem of heat loss from warmed, humidified gas as it passes along the breathing tube during upper airway bypass ventilation. In one, the thermostat of the humidifier is set at a "safe" level, with the result that the gas reaching the patient, though it may be fully saturated, is several degrees lower than body temperature (Macintosh, Mushin, and Epstein, 1963) . In the other, the humidifier is set to maintain a high water temperature; the possibility then exists that hyperthermia (Kirch and De Kornfield, 1967) or scalding may occur, though the risk may be reduced by monitoring the temperature at the mouth (Sykes, 1969) .
This investigation was undertaken to determine the amount of heat lost during passage along the tube, to find out whether it could be lessened, and, if so, what would be the consequences. It was also found that, apart from the thermal conductivity of the tube wall, the environmental temperature, and the rate of passage of the gas as factors influencing heat loss, an important source of uncertainty about the temperature of the gas reaching the patient is variation in the heat gain of the gas on passing through the humidifier.
Methods and Materials
The tubes investigated were (1) the standard, black, antistatic corrugated rubber tube; (2) the concentric plastic breathing tube supplied with the Harlow ventilator (Bushman and Robinson, 1968) A bag in bottle (Fig. 1) The breathing tubes were connected into the circuit as they would be in normal use. The corrugated rubber tube, the polyethylene tube, the polyethylene tube insulated with polystyrene, and the lagged tube were each connected between the humidifier and a spring-loaded expiratory valve near the mouth. The Harlow tube had a spring-loaded expiratory valve connected in place of its pressure-operated expiratory valve; thus the expired gas passed down the whole length of the annular space around the inner (inspiratory) tube, as it does when the tube is used with the Harlow ventilator.
The humidifier used for most of our experiments was of the type described by Spalding (1956) from which most modem heated-water humidifiers have evolved. Some experiments were also performed with the East-Radcliffe (H4) humidifier. In addition, a Spalding-type humidifier was modified by the addition of baffles to improve contact between gas and water. Subsequently it was further modified by surrounding that part of the outside of the humidifier which encloses the air space above the water with a 25-mm layer of expanded polystyrene. In all experiments care was taken to ensure that the "full" mark, and therefore the space above it, was kept sensibly constant at the indicated level. A one-way valve fitted to the inlet port ensured that all expired gas passed to the atmosphere through the expiratory valve. The tidal volume was set with a Wright respirometer connected to the inlet port. The I:E ratio and the frequency were measured from recordings made with a pneumotachograph similarly connected.
Three mercury-in-glass thermometers and one electric thermometer were positioned in the circuit (Fig. 1 (Fig. 3) . Thus if the ventilation becomes very small the temperature of the gas will fall nearly to room temperature during the time it takes to travel through the tube-that is, the fall will be nearly 100% of the maximum possible. Conversely, if the ventilation becomes very large the temperature fall will be very small. Tw=temperature of water in the humidifier, Tho and Tr as in Fig. 3 .
(1-5:1-1:6) is incorporated in Fig. 3 . Detailed examination of the individual results showed that this had no important effect.
Within experimental limits there is not much difference between the Harlow tube, the tube lagged with kapok, and the polyethylene tube lagged with expanded polystyrene (Fig. 3) . Not surprisingly, all three show considerably less heat loss than the plain polyethylene and corrugated rubber tubes. Tho=temperature at the outlet of the humidifier, Toe=temperature at the patient end of the tube, and Tr=room temperature.
HUMIDIFIERS
For each of the 29 experiments the mean rise in temperature of the gas passing through the humidifier was calculated as a percentage of the largest possible rise. The largest possible rise would occur when the gas temperature rose to equal the temperature of the water in the humidifier. This percentage rise was plotted against total ventilation for various humidifiers (Fig. 4) Total ventilation (lmimn)
PIG. 5-Calculated relationship between temperature at the patient end of a corrugated rubber tube and total ventilation. Assumptions: room temnperature 220C, humidifier water temperature that which is necessary to achieve a temperature at the patient end of the tube of 370C at a ventilation of 8 1./mm. with a Spalding humidifier.
44.
43. 5 shows that with the ordinary corrugated rubber tube and unmodified humidifier an extremely high humidifier temperature (86-2°C) is required, and the temperature at the patient end of the tube is very dependent on total ventilation. Fig. 6 shows that when the polystyrene-insulated tube is substituted a much lower humidifier temperature (55 4°C) may be used and dependence on total ventilation is much reduced. Fig. 7 shows that when in addition the modified humidifier is substituted an even lower humidifier water temperature can be used, but dependence on total ventilation again becomes pronounced. At the same time the temperature fluctuations due to the thermostat are much more evident. It is apparent that improvements in tube and humidifier call for reduction of the dead zone of the thermostat.
In both spontaneous and controlled ventilation, and particularly on changing from one to the other, the magnitude of ventilation may change considerably. As Figs. 5, 6, and 7 show, the temperature at the patient end of the tube depends on ventilation. Ideally this dependence should be eliminated, and to achieve this the dependence on ventilation of the temperature fall through the tube (Fig. 3) should be exactly cancelled by the dependence on ventilation of the temperature rise through the humidifier (Fig. 4) . By combining the lagged tube and the ordinary humidifier (Fig. 6 ) the ideal is approached. To achieve it completely, however, somewhat better lagging is needed, even when the unmodified humidifier is used. Finally, if advantage is to be taken of the reduced humidifier water temperature which is possible with the modified humidifier (Fig. 7) while still avoiding dependence on ventilation, a much more efficiently insulated breathing tube is desirable.
Figs. 5, 6, and 7 refer to the practice of using a high water temperature in the humidifier to achieve the desired temperature at the patient end of the breathing tube. On the other hand, Fig. 8 shows that if the temperature is set to a "safe" Furthermore, they show that the system can be made both inherently safe and effective by using baffles inside and lagging on top of the humidifier, by thoroughly insulating the breathing tube, reducing the dead zone of the thermostat, and maintaining a water temperature only slightly above body temperature. We thank Professor W. W. Mushin for his encouragement and constructive criticism.
